. Postprandial heat production in skeletal muscle is associated with altered mitochondrial function and altered futile calcium cycling.
BODY WEIGHT IS DETERMINED by energy intake and energy expenditure. An important component of the latter is adaptive thermogenesis, a centrally mediated response to cold and dietary stimuli. Adaptive thermogenesis comprises ϳ15% of total daily expenditure in nonobese individuals (43) and has been extensively studied in brown adipose tissue (BAT). Activation of sympathetic drive to BAT increases the activity of uncoupling protein 1 (UCP1), promoting the loss of energy through the futile production of heat. Recent studies have demonstrated the unequivocal presence of functional BAT in adult humans (27, 40, 56, 60) and manipulation of thermogenesis is a prospective antiobesity treatment (58) . Nonetheless, various studies have demonstrated that BAT does not account for the total thermogenic capacity of an individual, and other tissues, such as skeletal muscle, may also be involved (3, 48) .
We have characterized postprandial temperature excursions in skeletal muscle of sheep (13) , which is augmented by central leptin infusion indicative of neurally mediated postprandial thermogenesis (25) . Furthermore, leptin-induced heat production in skeletal muscle is associated with elevated levels of UCP3 and an increase in uncoupled respiration (23) , suggesting that these temperature excursions represent thermogenesis. Despite this, the mechanisms that underpin postprandial thermogenesis in muscle remain to be elucidated. In this regard, increased heat production with meal feeding may be caused by altered mitochondrial function but may also be secondary to alternative cellular pathways, such as futile calcium cycling and/or increased muscle blood flow.
Futile calcium cycling occurs across the sarcoendoplasmic reticular (SR) membrane, whereby activation of the ryanodine 1 receptor (RyR1) pumps calcium across the SR membrane leading to an increase in cytosolic calcium levels (15) . Indeed, activating mutations in RyR1 can lead to malignant hyperthermia (32, 34 ). An increase in cytosolic calcium levels activates the sarcoendoplasmic calcium-dependent ATPases (SERCA), which propel calcium back into the SR and restores intracellular calcium homeostasis. This calcium pump is dependent upon the hydrolysis of ATP to ADP, which results in the production of heat. Thus, activation of the RyR1/SERCA system is thought to constitute a futile form of energy expenditure, resulting in the release of energy through heat. Skeletal muscle expresses the SERCA1 and SERCA2a isoforms, and it is the latter that is thought to be associated with heat production (2, 15, 59) . It is possible, therefore, that postprandial heat production in skeletal muscle is driven by changes in calcium cycling.
On the other hand, ␣ 1 and ␤ 2 adrenoceptors control blood flow in skeletal muscle, by mediating vasoconstriction and vasodilation, respectively (9, 18, 21) . During the postprandial period, blood flow to specific tissues and organs can be modulated in response to altered metabolic demand. In humans, postprandial elevation of blood flow to the intestinal organs corresponds to increased gut activity and the distribution of substrates to peripheral tissues. For example, an increase in postprandial blood flow of 58 -250% has been recorded from the superior mesenteric artery, peaking within 1 h of meal initiation (41, 45, 50) . Other studies have suggested that blood flow to skeletal muscle is lowered after a glucose load in humans (10) or not altered following feeding in dogs (19) . In contrast, feeding subjects a meal of mixed macronutrient con-tent increased blood flow to the forearm muscle (29) . We have consistently shown increased temperature in skeletal muscle of sheep at feeding, and the present study sought to determine the role of mitochondria and thermogenic pathways, as well as changes in blood flow that are associated with this elevation in heat production.
METHODS
Animals. All experimentation was approved by the Ethics Committee of Monash University School of Biomedical Sciences. Corriedale ewes were ovariectomized at least 1 mo prior to experimentation to avoid the confounding effects of changing ovarian steroid levels. The sheep were housed in an isolated room, exposed to a 12:12-h light-dark cycle (lights on at 0700), and the ambient temperature of the room was maintained at 22°C. During recordings, the animals were kept in pens designed to allow the animal to sit and stand but prevent further movement that might influence hind limb temperature and blood flow.
Postprandial thermogenesis. To establish a postprandial thermogenic response, the sheep were program-fed as previously described (23, 25) , with lucerne chaff given between 1100 and 1600 daily. Animals in experiments 2-5 were program fed for at least 2 wk prior to experimentation. Water was available ad libitum. Studies were carried out after a postprandial response had been confirmed.
In each experiment (1-5), temperature recordings were made using customized dataloggers (SubCue, Calgary, Canada) with leads of either 10 cm or 20 cm (25) . The dataloggers were implanted so that the recording side faced the vastus lateralis muscle and were programmed to record temperature at 1-min intervals. Dataloggers and other equipment (see below) were implanted at a single operation under anesthesia induced by intravenous injection of 10 mg/kg thiobarbital sodium, (Lyppard, VIC, Australia) and maintained by inhalation of 3-5% vol/vol halothane. Surgery was performed 1 wk prior to experimental recordings.
Blood flow. For experiments 1-3, whole limb blood flow (n ϭ 3/ group) was measured using a transit-time ultrasound flow probe (type 6SB; Transonic Systems, Ithaca, NY) placed around the femoral artery immediately distal to the caudal femoral artery branch. To determine whether whole limb flow reflected localized changes in tissue perfusion, two animals were additionally fitted with laserDoppler flow probes (MSP300XP, Oxford Optronix, Oxford, UK) to measure microvascular perfusion in the muscle tissue adjacent to the datalogger.
Experiment 1: effects of isoprenaline and phenylephrine on blood flow and temperature in skeletal muscle. Four ovariectomized ewes with a mean body weight of 49.2 Ϯ 1.4 kg had a polyvinyl cannula (I.D. 1.5 mm; O.D. 2.7 mm; Dural Plastic, Sydney, Australia) surgically implanted into one jugular vein. This was performed at the same time that the datalogger and flow probes were fitted. The cannula was inserted 10 cm toward the heart, and patency was maintained with heparinized (100 units/ml) physiological saline. To reduce confounding effects of feeding or meal anticipation, treatment was carried out in sheep in a fasted state, prior to being program-fed. Isoprenaline (a combined ␤1/␤2 adrenergic agonist) was administered as a bolus with incremental doses of 0.1, 0.3, 1.0, and 3.0 g/kg body wt and phenylephrine (a ␣ 1-adrenergic agonist) given as a continuous infusion over 15 min at sequential doses of 1, 3, 6, and 10 g·kg body wt Ϫ1 ·min Ϫ1 . A washout period of 30 min was allowed between each dose to ensure that blood flow returned to baseline levels. Femoral artery blood flow and skeletal muscle temperature were analyzed as the area under the curve of the first 5 min after isoprenaline treatment compared with area under the curve of the antecedent 5 min. To assess the effects of phenylephrine, the area under the curve for the 5 min before infusion was compared with the area under the curve between 25 and 30 min after the commencement of infusion. Comparisons were performed using repeated-measures ANOVA, and post hoc analyses were performed using Fisher's least significant difference test.
Experiment 2: effects of programmed feeding on blood flow and temperature in skeletal muscle. To assess the relationship between postprandial changes in blood flow and temperature in skeletal muscle, these parameters were measured between 1000 and 1600 in program-fed animals (fed between 1100 and 1600). To characterize changes in blood flow, 15-min averages were calculated across the baseline (1000 -1045) and feeding periods (1100 -1600). The peak temperature response (1130) was compared with baseline using a paired t-test. To determine whether changes in temperature coincided with changes in blood flow, we compared blood flow at the time points corresponding to the peak temperature response.
Experiment 3: effects of meal anticipation on blood flow and temperature in skeletal muscle. To establish a model of meal anticipation, animals were placed on the programmed-feeding schedule for 2 wk. We have previously shown that the postprandial temperature response in a meal-entrained animal is dependent on food availability and is, therefore, abolished with fasting (24, 25) . Meal anticipation, however, can be evoked in fasted sheep when cohoused with flockmates that are fed at a standard feeding time (1100) (24) . In the present experiment, sheep were exposed to visual and olfactory cues associated with the feeding of an adjacent animal, but without the associated metabolic consequences of feeding. Skeletal muscle blood flow and temperature were measured between 1000 to 1600. Data were analyzed as for experiment 2. Experiment 4. cellular or molecular pathways associated with postprandial heat production:uncoupling proteins, AMP-activated protein kinase, and calcium-cycling pathways. To characterize possible cellular or molecular pathways that underpin postprandial heat production in skeletal muscle, we measured changes in mRNA expression of UCP1, UCP2, and UCP3, as well as UCP2 and UCP3 protein and AMPK phosphorylation. Four to six ovariectomized ewes (51.3 Ϯ 0.9 kg body wt) were program-fed (as above) for 2 wk prior to tissue collection to entrain postprandial elevation in heat production. Biopsies were taken from skeletal muscle during the preprandial period (0900) and postprandially (1200). Muscle tissue was collected under general anesthesia, whereby animals were briefly anesthetized with pentobarbital sodium, and a small biopsy of muscle was collected. Samples (ϳ400 mg) were rapidly frozen on dry ice and stored at Ϫ80°C for subsequent gene and protein analyses. All gene and protein analyses were carried out on whole muscle homogenate.
UCP1, UCP2, and UCP3 mRNA levels were measured using real-time PCR, as previously described (23) . In addition, UCP3 protein levels and the level of AMPK phosphorylation were measured by Western blot analysis, as described previously (23, 31) . Western blot analysis used the following antibodies: UCP3 (1:1,000; Abcam, Cambridge, MA), phosphorylated-AMPK (p-Thr172-AMPK) (1: 1000; Millipore, Billerica, MA), and anti-AMPK (1:1,000; Cell Signaling Technology, Beverly, MA). For gene expression, UCPs were corrected to the geometric mean of the housekeeping genes, including ␤-actin, cyclophilin, and malate dehydrogenase. For Western blot analysis, p-AMPK was corrected to total AMPK, and UCP3 was corrected to ␤-actin. In addition, we measured UCP2, SERCA1, and SERCA2a by Western blot analysis following standard methodology. In brief, for UCP2 measurements, 40 g of protein was loaded to each lane of a precast gel and the gel run at 150 V for 1 h. Following transfer to nitrocellulose membrane, this was blocked overnight in skim milk. The membrane was subsequently incubated with goat polyclonal UCP2 antibody (ab77363; Abcam, Cambridge, MA) at 1:5,000 for overnight at 4°C, followed by incubation in secondary HRP anti-goat antibody at 1:4,000 (Antibodies Australia, Melbourne, Australia) for 1 h at room temperature. The membrane was then stripped and reblocked, followed by incubation in rabbit polyclonal total actin antibody 1:2,000 for 2 h and then in HRP anti-rabbit antibody at 1:2,000 (Antibodies Australia, Melbourne, Australia) for 1 h at room temperature. Detection was by chemiluminescence (ECL), and X-ray films were exposed for 1 min each. Western blot analysis for SERCA1 and SERCA2a followed a similar protocol with the following changes incorporated. Twenty-five micrograms of protein was loaded on the precast gel. SERCA protein expression was measured using mouse-derived primary antibodies, anti-SERCA1 (clone VE121GI; Sigma, St. Louis, MO), and anti-SERCA2 (clone 2A7-A1; Sigma) made up to the dilution of 1:2,500 and 1:1,000, respectively, in 5% nonfat dried milk in Tris-buffered saline with 1% Tween (TBST). Membranes were probed overnight at 4°C. The following day, a secondary antibody (anti-mouse IgG HRP conjugates, goat: diluted to 1:2,000, Antibodies Australia) was applied and incubated for an hour at room temperature. Bands were visualized by enhanced chemiluminescence (ECL) (Amersham, Buckinghamshire, UK) with 30-s exposure to film. In each case, membranes were then stripped and reprobed with a monoclonal anti-␤ actin antibody (1: 2,000 in TBST, sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA) purified mouse immunoglobulin for 2 h at room temperature. This was followed by a secondary antibody (anti-mouse IgG HRP conjugates; goat, diluted to 1:2,000; Antibodies Australia) and ECL incubation and exposure to X-ray film for 30 s.
To further assess the calcium cycling pathway, we measured RyR1 mRNA levels using real-time PCR (Realplex; Eppendorf, Hamburg, Germany). RNA was extracted using the TRIzol method, and the quality of RNA was determined by the visualization of the 18S and 28S bands. A master mix for PCR was prepared, consisting of Brilliant II SYBR Green Master Mix (Stratagene, La Jolla, CA), sterile water and primers (sense and anti-sense) to a final volume of 20 l. The sequence of the primers for RyR was sense 5=-GGG ATA TGG GTG ACA CGA C-3= and antisense 3=-TCT CAG CAT CAG CTT TCT CC-5=. The quantified RNA was then normalized against the geometric mean of three most stable reference genes (␤-actin, cyclophilin, and malate dehydrogenase I) determined by geNorm analysis from a panel of seven possible reference genes.
Equal variance and homogeneity were determined using the Levene's test of equal variance. Gene and protein data were shown to be of unequal variance, and therefore, all data were analyzed using a nonparametric test, the Wilcoxon sign rank test. Experiment 5. effect of feeding on mitochondrial respiration in skeletal muscle. Ovariectomized ewes (n ϭ 6/ group, body wt 63.2 Ϯ 1.8 kg) were program-fed (as above) for 10 days prior to experimentation. Biopsies of skeletal muscle were taken under a light general anesthesia, as previously described (23), prior to feeding (1000) and during the feeding window (1200). Mitochondria were isolated immediately for respiration studies, as previously described (23) . Mitochondrial respiration was assessed using a Clark-type electrode (Hansatech Instruments, Norfolk, UK) at 37°C with 250 g of mitochondrial protein stimulated with pyruvate and malate (5 mM and 2.5 mM) as oxidative substrates in respiration buffer (mannitol 230 mM, sucrose 70 mM, MgCl 2 2 mM, K2HPO4 5 mM, 0.1% BSA). State 3 (coupled) respiration was assessed by the addition of ADP (150 M), which was subsequently inhibited by the ATP synthase inhibitor, oligomycin (1 M) as an indicator of state 4 respiration. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 1 M) was added as a final step, to measure maximal respiratory capacity. The respiratory control ratio (RCR) is a measure of mitochondrial uncoupling and was calculated as state 3 respiration:state 4 respiration. Preprandial and postprandial differences in respiration were determined using a one-way ANOVA.
RESULTS

Experiment 1: effects of isoprenaline and phenylephrine infusion on blood flow and temperature.
Isoprenaline increased (P Ͻ 0.05) both femoral artery blood flow and muscle microvascular perfusion ( Figs. 1 and 2) . Furthermore, changes in these variables were closely related (Fig. 1) . The hyperemic effects of isoprenaline were not dose-related, with the peak increase in blood flow being equivalent at both low (0.1 and 0.3 g/ kg body wt) and high (1.0 and 3.0 g/kg body wt) doses. There was no significant effect of low-dose isoprenaline treatment on skeletal muscle temperature, but at high doses, isoprenaline increased skeletal muscle temperature (Fig. 2) . . In contrast, isoprenaline treatment increased skeletal muscle temperature at high doses only (1.0 g/kg body wt: P Ͻ 0.05; 3.0 g/kg body wt: P Ͻ 0.01); there was no significant effect of isoprenaline on skeletal muscle temperature at low doses. All data are presented as the means Ϯ SE; n ϭ 4/group. *P Ͻ 0.05.
There was no significant effect of low-dose phenylephrine on blood flow (1 and 3 g·kg body wt Ϫ1 ·min Ϫ1 ), but high doses (6 and 10 g·kg body wt Ϫ1 ·min Ϫ1 ) reduced (P Ͻ 0.05) blood flow (Fig. 3) . There was no significant effect of infusion of phenylephrine on skeletal muscle temperature at any dose studied (Fig. 3) .
Experiment 2: effects of programmed feeding on blood flow and temperature in skeletal muscle. Muscle temperature increased (P Ͻ 0.01) at the commencement of feeding (Fig. 4) . The mean temperature increase in skeletal muscle was 0.57 Ϯ 0.06°C (P Ͻ 0.01) (Fig. 4) . Despite the elevation in temperature, there were no associated changes in blood flow across the feeding window (Fig. 4) .
Experiment 3: effects of meal anticipation on blood flow and temperature in skeletal muscle. Excursions in muscle temperature were elicited by the meal anticipation paradigm (Fig. 5) . Similar to the response seen in feeding animals, an increase (P Ͻ 0.05) in skeletal muscle temperature was observed, and this was not associated with any significant change in blood flow (Fig. 5) .
Experiment 4: molecular pathways associated with postprandial heat production. Expression of UCP1, UCP2, and UCP3 mRNA was similar in skeletal muscle prior to and following a meal (Fig. 6) , and there was no significant effect of feeding on either UCP2 or UCP3 protein levels (Fig. 6) . Further, feeding did not significantly alter the level of phosphorylation of AMPK in skeletal muscle (Fig. 6) .
To further investigate cellular/molecular factors that might underpin postprandial heat production in skeletal muscle, we examined the effect of feeding on the expression of RyR1 mRNA, as well as SERCA 1 and SERCA2a protein. Feeding increased levels of RyR1 mRNA and SERCA2a protein. In contrast, SERCA1 protein levels in skeletal muscle were similar before and during feeding (Fig. 6) .
Experiment 5: effects of feeding on mitochondrial respiration in skeletal muscle. There was no significant effect of feeding on substrate (malate and pyruvate)-driven or state 3 (ADP) respiration (Fig. 7) , but state 4 respiration (oligomycin) was increased (P Ͻ 0.05), indicating an increase in uncoupled respiration. This was consistent with the observed decrease (P Ͻ 0.05) in the RCR during the feeding window (Fig. 7) . Total respiration capacity (FCCP) was lower (P Ͻ 0.05) in the postprandial compared with the preprandial period.
DISCUSSION
The presented data indicate a lack of association between tissue temperature and acute changes in blood flow in skeletal muscle. This conclusion was demonstrated in four different experimental paradigms, including the administration of ␣-and ) infusion of phenylephrine did not impact on femoral artery blood flow. Higher doses (6 and 10 g·kg body wt Ϫ1 ·min Ϫ1 ) of phenyleprhine, however, reduced (P Ͻ 0.05) blood flow to the hind limb. There was no appreciable effect of phenylephrine treatment on skeletal muscle temperature at any of the doses studied. All data are presented as the mean Ϯ SE; n ϭ 4/group. Shaded areas represent periods of infusion, with the infused dose shown at the top of each area. *P Ͻ 0.05. ␤-adrenergic agonists, programmable postprandial responses and meal anticipation. None of these studies showed an association between blood flow and temperature. On the other hand, we demonstrate that the increase in temperature at the onset of feeding is concomitant with a switch toward state 4 respiration in mitochondria isolated from skeletal muscle, which suggests an increase in thermogenesis. Despite this, we did not demonstrate changes in the expression of UCP1, UCP2, or UCP3 mRNA or UCP2 and UCP3 protein. We did, however, demonstrate that feeding increases expression of RyR1 and SERCA2a, which suggests that altered calcium cycling may be the primary cellular driver underpinning postprandial thermogenesis in skeletal muscle. These data offer strong support for the notion that thermogenesis drives postprandial changes in skeletal muscle temperature independent of changes in blood flow.
There has been a recent surge of interest in the mechanisms of adaptive or putative thermogenesis, with particular focus on the potential for the development of novel antiobesity agents (58) . To investigate this, we developed a model of meal entrainment where a postprandial elevation in temperature is evident in skeletal muscle after 1-2 wk of temporal food restriction (25) . The present data suggest that changes in cellular function, specifically altered calcium cycling, or altered mitochondrial function, contribute to the postprandial elevation in temperature in skeletal muscle. We demonstrate that feeding induced the greatest change in factors that mediate calcium cycling. The expression of RyR1 mRNA and SERCA2a protein was increased after the onset of feeding, suggesting that upregulation of futile calcium cycling is a significant determinant of postprandial thermogenesis in skeletal muscle. Indeed, activating mutations of the RyR1 is considered the principal cause of malignant hyperthermia (32, 34) . In vitro work using a perfused hind limb model showed that administration of triiodothyrodine (T3) increased expression of SERCA1 (and a corresponding decrease in SERCA2a) in rat skeletal muscle, leading the authors to hypothesize that the metabolic effects of T3 at muscle are, at least in part, mediated via SERCA1 (46, 47) . This contrasts with our current data that show increased expression of SERCA2a, but not SERCA1, in response to feeding. Earlier work in rodents has also linked upregulation of SERCA2a to the induction of muscle thermogenesis in response to leptin (53) . Accordingly, the current data suggest that increased expression of RyR1 and SERCA2a drive postprandial thermogenesis in skeletal muscle of sheep.
In addition to changes in calcium cycling, we demonstrate that feeding increased state 4 respiration in mitochondria isolated from skeletal muscle. In spite of this increase, there was no associated change in UCPs. The expression of UCP1, UCP2, and UCP3 mRNA or UCP2/UCP3 protein were similar in preprandial and postprandial periods. Previous studies in both humans and rodents have shown altered state 4 respiration in skeletal muscle mitochondria, without associated changes in UCP3 expression (11, 44, 57) . It is important to note, however, that changes in UCP3 activity (which are not detected at the protein or gene level) may account for increased state 4 respiration and, therefore, contribute to postprandial thermogenesis. Indeed, UCP3 is essential for 3,4-methylenedioxymethamphetamine (MDMA or ecstasy)-induced hyperthermia (35) , and this effect can be attenuated using ␤3-adrenoceptor antagonists (51) . In addition to changes in UCP3, altered state 4 respiration in skeletal muscle mitochondria, may be driven by the adenine nucleotide translocase (ANT) (22) ; this warrants future investigation. Nonetheless, the current study demonstrates that postprandial thermogenesis in skeletal muscle occurs in association with altered mitochondrial function and possibly altered calcium cycling.
The lack of a feeding effect on the expression of UCP1 and UCP3 in skeletal muscle contrasts our previous work in male sheep, in which feeding increased expression of UCP1 and UCP3 mRNA (13) . It is important to note, that the expression of UCP1 within skeletal muscle samples is likely to be due to the presence of brown adipocytes and not due to UCP1 expression within the myocytes. Indeed, previous work in mice has shown that brown adipocytes interspersed within skeletal muscle contribute to thermogenic output (1). As to whether this difference in the effect of feeding reflects sexual dimorphism in the response of skeletal muscle to feeding merits further investigation. Our earlier work has demonstrated sexual dimorphism in the metabolic response to testosterone, whereby . Muscle temperature increased (P Ͻ 0.05) during the meal anticipation period, yet no change in blood flow to the hind limb was observed. Analysis of the peak temperature response (C) revealed that the increase in temperature during meal anticipation was not associated with any change in blood flow. There was no detectable change in blood flow across this period. Baseline measurements are represented by the hatched bar and peak measurements by the black bar. All data are presented as the means Ϯ SE; n ϭ 4/group. *P Ͻ 0.05. testosterone treatment reduces heat production in skeletal muscle of males but not females (13) . Furthermore, we have demonstrated that central infusion of leptin markedly increases postprandial heat production in skeletal muscle and that this is concomitant with an increase in UCP3 expression and an increase in state 4 respiration (23, 25) . The current study demonstrates an additional change in total respiratory capacity; we demonstrate that feeding resulted in a reduction in total respiratory capacity in mitochondria isolated from skeletal muscle, which was an unexpected finding. Whereas there are no studies that provide a precedent, previous studies in humans have demonstrated reduced respiratory capacity in mitochondria isolated from skeletal muscle of either obese or type 2 diabetic patients (5, 39), but such changes are thought to be a consequence of the diabetic state (26) .
In addition to measuring expression of genes/proteins for the uncoupling proteins, RyR1 and the SERCAs, we characterized AMPK activation (phosphorylation), since this has been linked to the induction of thermogenesis in rodents (30, 33) . Several studies have shown that central and peripheral administration of leptin activates AMPK in skeletal muscle (28, 36, 37, 42, 49) , which is contrary to our findings in sheep (31) . Furthermore, we have demonstrated that direct infusion of AICAR into the femoral artery phosphorylates AMPK (31) , but this does not result in altered temperature in muscle tissue (23) . Collectively, these data suggest that AMPK activity is not associated with the induction of thermogenesis in sheep skeletal muscle, and the current data are consistent with this. Consistent with the notion that cellular function drives postprandial heat production, our consistent finding is that postprandial elevation in temperature is not related to changes in blood flow. On the other hand, blood flow to tissues, such as the gut and adipose tissue, have been shown to increase during feeding (41, 45, 50) , whereas effects on blood flow to skeletal muscle have produced disparate findings. Previous studies in humans have demonstrated that forearm blood flow can increase during a meal (29) , but other data show reduced blood flow after a glucose load (10) . Blood flow to the upper gastrointestinal organs, but not skeletal muscle, increases during feeding in dogs (19) . This latter observation supports our assertion that feeding has little impact on skeletal muscle blood flow. Increased blood flow to the gastrointestinal organs and adipose tissue after feeding likely reflects the change in metabolic demand driven by increased activity for digestion and/or the distribution of metabolic substrates. Whereas there is no association between blood flow and postprandial elevation of temperature in muscle, a range of other factors influence the latter; these include central action of leptin via the sympathetic nervous system (25) and sex steroids, such as estradiol-17␤, and testosterone (13) (Clarke SD, Clarke IJ, Rao A, Evans RG, Henry BA, unpublished data). We have also documented a role for circulating ␣-melanocyte-stimulating hormone (unpublished data). Many other factors are also likely to impact on this process, such as photoperiod (6), ambient temperature (55), thyroid, and stress hormones (12), for example.
Our meal anticipation studies are important, in distinguishing changes in temperature that are driven by altered metabolic function of skeletal muscle due to substrate utilization from those that may be attributable to putative thermogenesis (see above). Meal anticipation is a nonhomeostatic cue that causes heat production in muscle, most likely due to visual and olfactory stimuli that are provided to a fasted subject when another animal is fed (24) . Unlike the situation in rodents, where prolonged temporal food restriction causes a shift in circadian regulation resulting in an anticipatory rise in core body and BAT temperature that persists in the fasted state (8, 20, 38) , we have previously shown sheep that have been entrained to a feeding window do not exhibit excursions in heat production when fasted unless a homeostatic (feeding) or nonhomeostatic (meal anticipation) cue is provided (24, 25) . Increased skeletal muscle temperature that occurs with meal anticipation is not associated with a change in blood flow. In two paradigms, postprandial entrainment and meal anticipation, we demonstrate an increase in temperature in skeletal muscle that is not driven by altered blood flow.
To further characterize the relationship between changes in blood flow and the regulation of temperature in skeletal muscle, we administered the ␤ 1 /␤ 2 -adrenoreceptor agonist isoprenaline and the ␣ 1 -adrenoreceptor agonist phenylephrine. Blood flow changes in skeletal muscle were detected using both the transit-time ultrasound and laser Doppler flow probes, albeit with a slight time-delay in the Doppler recordings. Given that the transonic flow probes measured blood flow to the entire hind limb, via the femoral artery, while the laser-Doppler flow probe measured microvascular perfusion in muscle tissue, it can be concluded that changes in femoral blood flow are an accurate indicator of changes in blood flow through the muscle tissue itself. This conclusion is also supported by the finding of strong relationships between total hindlimb flow and local muscle microvascular perfusion during hypoxia (16) and local infusion of vasoactive agents (17) in anesthetized rabbits. Importantly, the responses to phenylephrine and isoprenaline observed in the current study support our assertion that blood flow and muscle temperature are dissociated, further supporting the case for thermogenesis in muscle. High doses of phenylephrine caused a small reduction in blood flow during the postinfusion period, but this had no apparent effect on skeletal muscle temperature. These observations are consistent with the notion that the ␣-adrenergic system has little impact on energy expenditure, thermogenesis, and heat production in peripheral tissues (4, 7, 54) . In contrast, isoprenaline increased blood flow at all doses studied, consistent with the known vasodilator role of the ␤ 2 -adrenoreceptors (18, 21) . On the other hand, muscle temperature was increased by isoprenaline treatment at the higher doses, only. This is not surprising, since isoprenaline exhibits preferential agonist activity at ␤ 1 /␤ 2 -adrenoceptors, but can activate ␤ 3 adrenoceptor at higher concentrations (52) .
In conclusion, we demonstrate dissociation between blood flow and skeletal muscle temperature in a number of paradigms. We have demonstrated that pharmacologically reduced (phenylephrine) or increased (isoprenaline low doses) blood flow has little or no impact on muscle temperature. Furthermore, we have demonstrated that during both postprandial periods and during meal anticipation, temperature in skeletal muscle is increased without associated changes in blood flow. We also demonstrate that postprandial heat production is associated with a switch to state 4 respiration in isolated mito- . Postprandial changes in the respiration rates of mitochondria isolated from skeletal muscle. Animals were program fed for 2 wk, and then biopsies of muscle were collected before (Pre: preprandial) and after (Post: postprandial) the onset of feeding. There was no effect of meal feeding on substrate-driven (A) or state 3 respiration (B). On the other hand, state 4 respiration was increased across the postprandial period compared with the preprandial period (C), whereas total respiratory capacity (D) was lower after meal feeding. The respiratory control ratio was lower during the postprandial period, consistent with a feeding-induced switch to state 4 respiration in isolated mitochondria (E). All data are presented as the means Ϯ SE; n ϭ 6/group. *P Ͻ 0.05 compared with the preprandial period. FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.
chondria. These data support the notion that postprandial increases in temperature are not due to changes in blood flow, but are due to altered cellular function and/or metabolism.
Perspectives and Significance
Herein, we have demonstrated that postprandial thermogenesis in skeletal muscle of sheep is due to altered calcium cycling and altered mitochondrial function. Feeding increases state 4 respiration in mitochondria isolated from skeletal muscle. In addition, the expression of RyR1 and SERCA2a, indices of futile calcium cycling, is increased after the onset of feeding. Changes in thermogenesis in muscle are not driven by altered blood flow. This is an important observation as it demonstrates that cellular mechanisms underpin thermogenesis in skeletal muscle. Given that skeletal muscle constitutes a significant proportion of total body mass (30 -40%), even small changes in thermogenesis are likely to significantly impact on total energy expenditure. Understanding the cellular mechanisms that are responsible for thermogenesis in muscle will provide new targets for the development of novel therapies to control body weight.
